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Mixed cold-set whey protein isolate (WPI)eﬂaxseed gum (FG) gels, induced by the addition of CaCl2
or NaCl at ﬁxed ionic strength (150 mM), were evaluated with respect to their mechanical properties,
water-holding capacity (WHC) and SEM microscopy. They were prepared by mixing FG and thermally
denatured (90 C/30 min) WPI solutions at room temperature, but the gels were formed at 10 C using
two methods of salt incorporation: diffusion through dialysis membranes and direct addition. The mixed
systems formed using dialysis membranes showed phase separation with the development of two (axial)
layers, and the CaCl2-induced gels presented radial phase separation. In general the CaCl2-induced gels
were less discontinuous, stronger, and showing lower WHC and deformability than the NaCl-induced
gels. An increase in the FG concentration reduced the gel strength and WHC for both systems, which was
associated with a prevailing phase separation between the biopolymers over the gelation process. Using
direct salt addition, apparently none of the mixed gels showed macroscopic phase separation, but the
NaCl-induced gels showed much higher hardness and elasticity than the CaCl2-induced gels. Since the
gelation process occurred more quickly by direct salt addition, and more effectively for the divalent salts,
the more fragile structure of the CaCl2-induced gels was a consequence of disruption of the cross-link
interactions of the aggregates during the agitation used to homogenize the salt added.
 2010 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Many food products aremulti-componentmixtures inwhich one
or more gelling biopolymers (proteins or polysaccharides) are
incorporated to obtain essential texture and sensory characteristics
(de Jong & van de Velde, 2007). In processed foods, the presence of
polysaccharides plays an important role in the structure and stabi-
lization of the proteins (van den Berg, Rosenberg, van Boekel,
Rosenberg, & van de Velde, 2009; Harrington, Foegeding, Mulvihill,
& Morris, 2009; Jara, Pérez, & Pilosof, 2010; Picone & Cunha, 2010).
However, interactions between the proteins andpolysaccharides can
be either attractive (complex formation) or repulsive (thermody-
namic incompatibility) depending on the nature of the interacting
biopolymers and the medium conditions (Tolstoguzov, 1997).
One of the most important functional properties of whey
proteins is gelation, which can be induced by heating or under cold
conditions. The cold gelation process consists of two consecutive
steps. In the ﬁrst step, the protein solution is heated at neutral pH,x: þ55 19 3521 4027.
unha).
sevier OA license.low ionic strength, and with a protein concentration lower than
the minimum required for thermal gelation, leading to a loss of
their native structure with unfolding and subsequent aggregation.
Despite this aggregation, the proteins remain soluble after cooling
and do not gel due to the predominant electrostatic repulsive forces
amongst the aggregates formed. In the second step, changes in the
solvent quality reduce the electrostatic repulsion amongst the
protein aggregates and induce gelation by promoting hydrophobic
interactions. Such modiﬁcations can be achieved by salt addition or
acidiﬁcation in the direction of the protein pI (Cavallieri & Cunha,
2009). The effects of polysaccharides on the aggregation and
gel formation of whey proteins depend on the nature of the
polysaccharide, pH, ionic strength, temperature and biopolymers
concentrations (van den Berg, van Vliet, van der Linden, van Boekel,
& van de Velde, 2007). The most common type of mixed gel
encountered in food systems is the phase separated network
(Morris & Wilde, 1997). Phase separation of mixed biopolymer
systems can be detrimental to product quality if it leads to an
observable breakdown in the appearance or texture of the food. On
the other hand, it can be beneﬁcial to product quality if it can be
used to create foods with desirable or novel appearances and
textures (Dickinson, 1998; Sanchez, Schmitt, Babak, & Hardy, 1997).
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a novel food ingredient. Flaxseed gum is a mixture of water-soluble
polysaccharides consisting of two main components, a neutral
fraction represented by the b-D-(1/4)-xylan backbone of the ara-
binoxylan component, with L-arabinose and D-galactose attached at
position 2/3 of the side chains, and a negatively charged fraction
consisting of pectin-like polysaccharides containing L-rhamnose, D-
galactose and D-galacturonic acid (Cui, Mazza, & Biliaderis, 1994;
Fedeniuk & Biliaderis, 1994; Oomah, Kenaschuk, Cui, & Mazza,
1995). This gum shows good water-holding capacity (Fedeniuk &
Biliaderis, 1994; Mazza & Biliaderis, 1989) and can form thermo-
reversible gels (Chen, Xu, & Wang, 2006).
One potential application of ﬂaxseed gums is as a texture-
enhancer in dairy products and beverages. However, the use of
ﬂaxseed gums in the food industry is still at a very early stage, since
there is no fundamental understanding about the physical and
chemical interactions between this gum and the various compo-
nents in the foods. So far the majority of studies concerning ﬂax-
seed gums have centered on (i) optimization of gum extraction
(Cui, Mazza, Oomah, & Biliaderis, 1994; Oomah & Mazza, 2001), (ii)
characterization of the physicochemical properties of the gum in
aqueous solutions (Goh, Pinder, Hall, & Hemar, 2006; Huang,
Kakuda, & Cui, 2001; Mazza & Biliaderis, 1989; Stewart & Mazza,
2000; Warrand et al., 2003, 2005), and (iii) comparison between
gums extracted from different seed varieties and other poly-
saccharides believed to have similar physicochemical properties
(Cui & Mazza, 1996). Although polysaccharide gelation has been
widely studied, there are few studies about the behavior of ﬂaxseed
gum gels (Chen et al., 2006). Moreover, there are no studies related
to the cold-set whey protein/ﬂaxseed gum gels in the literature.
Thus, a better understanding of the interactions between this
polysaccharide and other macromolecules is required before
considering the use of ﬂaxseed gum in food systems.
Thus the objective of this study was to evaluate the macromo-
lecular interactions between whey protein isolate (WPI) and ﬂax-
seed gum (FG) in cold-set gels formed by the addition of calcium or
sodium chloride using two methods of salt incorporation: slow
diffusion through dialysis membranes and direct addition. The
main difference between these methods was the rate of salt
penetration. The inﬂuence of the addition of FG on theWPI gels and
the rate of salt penetration were determined by evaluating the
microstructure using scanning electron microscopy (SEM), which
was related to the mechanical properties and WHC of the gels.
2. Material and methods
2.1. Material
The whey protein isolate (WPI) was obtained from New Zealand
Milk Products (ALACEN 895, New Zealand), and the ﬂaxseed gum
(FG) was extracted from ﬂax seeds purchased at the local market
(Sabor da Terra Agro Indústria Ltda, Bragança Paulista, SP). The
lactose content of the WPI powder was 0.6%, as determined by the
phenol sulfuric method (Hodge & Hofreiter, 1962). TheWPI powder
was characterized by atomic absorption spectroscopy, and the
following ion composition was obtained (% w/w): Naþ 0.53%, Ca2þ
0.10% and Kþ 0.10%. The protein (AOAC, 1997) and moisture
contents (w/w wet basis) were 93.1% (N  6.38) and 3.3%, respec-
tively. The NaCl and CaCl2 salts were of analytical grade.
2.2. Extraction of ﬂaxseed gum (FG)
Flaxseed gumwas extracted according to adapted methodology
from Cui, Mazza, Oomah et al. (1994). Whole seeds were dispersed
in distilled water preheated to 85  1.5 C, with a water:seed ratioof 20.0, and the pHwas adjusted to 6.5e7.0 with 0.2MNaOH and/or
0.2 M HCl. This aqueous dispersion was stirred at the same
temperature with a mechanical stirrer for 3 h, and the extract then
separated from the seeds using a screen (20 mesh), and precipi-
tated in two volumes of 95% ethanol. The precipitate was collected
by centrifugation (10,000g, 30 min, 4 C) using an Allegra 25 e R
centrifuge (Beckman Coulter, Fullerton, USA), re-suspended in
distilled water and freeze-dried. The FG powder was characterized
by atomic absorption spectroscopy and the following ion compo-
sition was obtained (% w/w): Naþ 0.22%, Ca2þ 0.45% and Kþ 2.67%.
The protein (AOAC, 1997) and moisture contents (w/w wet basis)
were 9.65% (N  6.25) and 4.2%, respectively.
2.3. Preparation of the biopolymers stock solutions
WPI stock solutions were prepared (10% w/w) by dissolution of
the powder in deionized distilled water (pH 6.7) with magnetic
stirring for 90 min at room temperature (25 C). This solution was
kept overnight at 10 C to promote complete protein dissolution.
The WPI stock solutions were then subjected to heat treatment at
90 C for 30 min in a stainless steel jacketed vessel with mild
magnetic agitation. The thermally denatured whey protein stock
solutionwas then rapidly cooled to room temperature in an ice bath
prior to mixing with the polysaccharide stock solution.
The FG stock solutions were prepared (2% w/w) in deionized
distilled water using vigorous mechanical agitation (Tecnal TE e
039, Brazil) for 120 min, 1230 rpm, at room temperature (25 C).
This solution was kept overnight at 10 C to promote complete
polysaccharide dissolution prior to mixing with the protein solu-
tion to form bi-polymeric gels.
2.4. Preparation of the bi-polymeric gels
The mixed solutions were prepared with a ﬁxed 8% (w/w) WPI
content and varied polysaccharide content (% w/w): 0 (no poly-
saccharide addition), 0.1, 0.3 and 0.5, according to the two different
methods used to incorporate the sodium or calcium chloride, as
described below. These relative mass contents of WPI and FG were
established from the construction of a visual phase diagram (data
not shown) to identify the range of whey protein isolate (WPI) and
ﬂaxseed gum (FG) concentrations that resulted in gels without
macroscopic phase separation.
2.4.1. Direct salt addition
The FG stock solution and CaCl2 or NaCl solution (ionic strength
of 150 mM) were mixed using a magnetic stirrer at room temper-
ature for 5 min. After this step, aliquots of denatured WPI stock
solution were added slowly and the systems maintained under
magnetic stirring for 30 min to ensure complete homogenization.
The solutions were then gently poured into cylindrical plastic tubes
(21 mm internal diameter  21 mm height) and stored at 10 C for
48 h for the formation and stabilization of the gel network. The gels
obtained were removed from the cylindrical plastic tubes and used
in the compression experiments (Section 2.5).
2.4.2. Salt diffusion through dialysis membranes
Aliquots of thermally denaturedWPI stock solution and FG stock
solution were mixed using a magnetic stirrer at room temperature
for 30 min to ensure complete homogenization. They were then
gently poured into dialysis membranes (Spectra/Por #7, 3.5 kDa cut
off, 11.5 mm diameter membranee Los Angeles, USA) andmounted
perpendicularly inside graduated ﬂasks ﬁlled with the NaCl or
CaCl2 solutions. The WPIeFG solutions were dialyzed for 48 h at
10 C against the salts solutions in order to reach a ﬁnal ionic
strength of 150 mM (Barbut & Foegeding, 1993). The gels formed
Fig. 1. Schematic representation of each position analyzed in the gels formed in the
dialysis membranes.
Fig. 2. Cold-set WPIeFG gels formed by direct salt addition. (A) 8% WPI-0.5% FGeCaCl2
and (B) 8% WPI-0.5% FGeNaCl. The detail shows the gels removed from the cylindrical
plastic tubes.
Fig. 3. Cold-set WPI (8% w/w)eFG gels formed using CaCl2 (A, C, E and G) or NaCl (B, D and
and (G) 0.5% FG.
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pieces with a sharp blade, and used in the compression experi-
ments (Section 2.5) and water-holding capacity (WHC) (Section
2.7). Due to phase separation, these properties were evaluated as
a function of the gel position in the dialysis membranes (each
position corresponded to a gel piece with a height of 10 mm e
Fig. 1). Moreover, the mean values of these properties were deter-
mined and plotted (with standard deviation) as a function of the
ﬂaxseed gum concentration. Two gel phases were separately
evaluated in the SEM experiments (Section 2.6).2.5. Mechanical properties
The mechanical properties were determined from the gel
uniaxial compression using a TA-XT-Plus Texture Analyzer (Stable
Microsystems Ltd., Surrey, UK) with a 25 kg load cell and a cylin-
drical acrylic plate with a diameter of 40 mm (gels from dialysis
membranes) or of 60 mm (gels from cylindrical plastic tubes),
previously lubricated with silicon oil to avoid friction between
surfaces in contact. The properties at rupture were determined by
compressing the gels to 80% of their initial height using a crosshead
speed of 1 mm/s. The force and height values were transformed
into Hencky stress (sH)eHencky strain (3H) curves (Steffe, 1996).
The rupture properties were associated with themaximum point of
the stressestrain curve and the Young modulus (E) was the slope of
the initial linear interval of this curve. The measurements were
made with six replications for the gels in the cylindrical plastic
tubes and with eleven different gel positions for the gels from the
dialysis membranes.2.6. Scanning electron microscopy (SEM)
Small pieces of gel (10mm 3mm 1mm) were cut from each
of the phases: top (TP) and bottom (BP), and ﬁxed in 2.5% glutar-
aldehyde in 0.1M cacodylate buffer (pH 7.2) overnight. After rinsing
twice in cacodylate buffer, the samples were fractured under liquidF) salt diffusion through dialysis membranes. (A, B) 0% FG, (C, D) 0.1% FG, (E, F) 0.3% FG
Fig. 4. The mechanical properties of the cold-set WPIeFG gels formed using direct salt
addition with CaCl2 or NaCl. (A) Stress at rupture (sR), (B) strain at rupture (3R) and (C)
elasticity modulus (E). The bars represent the standard deviation amongst replications.
Different letters mean signiﬁcant differences (p < 0.05). Small letters: differences
amongst the FG concentrations for each salt. Capital letters: differences amongst the
salts for each FG concentration.
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The ﬁxed samples (fractured gels) were rinsed twice with deion-
ized water and then dehydrated in a graded ethanol series (30, 50,
70 and 90%). Dehydration was continued in 100% ethanol (three
changes over 1 h) followed by critical point drying (Critical Point
Dryer CPD03 Balzers, Alzenau, Germany). The dried samples were
mounted on aluminum stubs and coated with gold in a Sputter
Coater SCD 050-Balzers (Alzenau, Germany). The images were
captured using a JEOL JSM 5800 LV (Tokyo, Japan) apparatus
operating at 10 kV. Five images of typical structures under
a magniﬁcation of500 were obtained. The top and bottom phases
for SEM corresponded to the ﬁrst gel piece (position 1 or poly-
saccharide-rich phase) and to the last gel piece (position 11 or
protein-rich phase), respectively (Fig. 1).
2.7. Water-holding capacity (WHC)
The WHC of the gels was determined after 48 h at 10 C. Small
pieces of gel (1e1.5 g) were gently cut with a sharp blade and the
WHC determined by weighing these gel pieces before and imme-
diately after centrifugation. The gels werewrapped inWhatman #1
ﬁlter papers (Maidstone, UK) and placed in 50 mL centrifuge tubes.
The tubes were centrifuged at 10 C and 124g for 5 min using an
Allegra 25 e R centrifuge (Beckman Coulter, Fullerton, USA). The
WHC was expressed according to Eq. (1).
WHC ¼ 100
"
1
 
waterreleasedðgÞ
watergelðgÞ
!#
(1)
where waterreleased is the amount of water released on to the ﬁlter
paper after centrifugation and watergel is the amount of water in
the gel before centrifugation (Cavallieri, Costa-Netto, Menossi, &
Cunha, 2007). Eight different gel positions were evaluated for
each gel.
2.8. Statistical analysis
The results were evaluated by an analysis of variance (ANOVA),
and signiﬁcant differences (p < 0.05) between treatments were
evaluated by the Tukey procedure. The statistical analyses were
carried out using the software STATISTICA 6.0 (Statisoft Inc., Tulsa,
USA).
3. Results and discussion
3.1. Visual appearance of the mixed WPIeFG cold-set gels
3.1.1. Direct salt addition
The gels induced by CaCl2 or NaCl showed distinctly different
appearances. The CaCl2-induced gels were whitish, while the NaCl-
induced gels were opaque (Fig. 2A and B). Apparently, none of the
gels showed macroscopic phase separation, but the bi-polymeric
gels formed by direct addition of CaCl2 (Fig. 2A) were much more
fragile than the gels formed by direct addition of NaCl (Fig. 2B). Both
gels showed considerable water exudation and their structure was
easily broken, which led to difﬁculties in handling them and
carrying out some of the measurements. Thus the WHC and SEM
analyses were not carried out and only the mechanical properties
could be evaluated for the WPI gels (8% w/w) with the addition of
0.1, 0.3 and 0.5% (w/w) FG.
3.1.2. Salt diffusion through dialysis membranes
The pure WPI gels formed after the slow diffusion of calcium
or sodium chloride were homogeneous, showing a white appear-
ance (particulate network) or opaque (ﬁne-stranded network),respectively (Fig. 3A and B) (Kuhn, Cavallieri, & Cunha, 2010). The
addition of polysaccharide to theWPI solution prior to the diffusion
process modiﬁed the appearance of the gels as compared to the
pure WPI gels (Fig. 3CeG).
Prior to removal of the gels from the dialysis membranes, the
mixed CaCl2-induced gels containing 0.1% (w/w) polysaccharide
showed a homogeneous, opaque, whitish appearance, with no
macroscopic phase separation. However, the gels with added 0.3%
or 0.5% (w/w) of FG were less whitish and presented slight phase
separation. For the NaCl-induced gels containing 0.1% or 0.3% (w/w)
polysaccharide, two-phase gels were observed within the
membrane, while for the gel with added 0.5% (w/w) of FG, the
phase separation was not so clear. After removal of the gels from
the dialysis membranes and subsequent cutting, phase separation
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meric gels, consisting of a turbid gel core surrounded by an opaque
ring, mainly in gels with addition of 0.1% and 0.3% (w/w) of FG
(Fig. 3C, E and G). However, the turbid core center showed a larger
diameter at the top of the gel and smaller diameter at the bottom.
Two layer gels were observed in the NaCl-induced gels, which
consisted of a turbid layer at the top (FG) and opaque layer at the
bottom (WPI), and it was better visualized at 0.1% (w/w) of FG
(Fig. 3D and F).3.2. Mechanical properties
3.2.1. Direct salt addition
Fig. 4 shows the values for stress (sR) and strain (3R) at rupture
and the elasticity modulus (E) of the bi-polymeric gels formed by
direct addition of calcium or sodium chloride as a function of the
ﬂaxseed gum concentration (% w/w of FG) added to the whey
protein solution (8% w/w of WPI). The pure whey protein gel (8%
WPI-0% FG) was not evaluated, because the direct addition of salt
led to the formation of protein clumps and gelation at the same
time. Since the formation of the protein network was very fast, the
system could not be stirred and a quite heterogeneous andweak gel
was formed.
The mixed gels formed by direct addition of CaCl2 only showed
a signiﬁcant increase (p < 0.05) in stress at rupture and in the
elasticity modulus values with the addition of 0.5% (w/w) poly-
saccharide (Fig. 4A and C), while the gels formed by the addition of
NaCl showed a decrease (p< 0.05) in the same properties with 0.5%
(w/w) FG. The NaCl-induced gels showed much higher stress at
rupture and elasticity modulus values than the CaCl2-induced gels,
which can be explained by the very fragile structure formed in the
latter system. This result can be associated with the faster gelation
induced by calcium salts, which occurred during agitation of the
system to homogenize the salt added. Thus, the concomitant
agitation and aggregates formation led to a partial disruption of the
mixed network. The CaCl2-induced bi-polymeric gels showed
higher deformability values (p < 0.05) than the NaCl-induced gels
at the higher FG concentrations (Fig. 4B).Fig. 5. The mechanical properties of the cold-set WPIeFG gels formed by (D) CaCl2 or (,
membrane. (A, B, C) Stress at rupture (sR) and (D, E, F) strain at rupture (3R). (A, D) 8% WP3.2.2. Salt diffusion through dialysis membranes
Due to gel phase separation, the mechanical properties at
rupture of the cold-set WPIeFG gels were initially plotted as
a function of gel position in the dialysis membranes (Fig. 5AeF). In
general, the CaCl2-induced gels showed higher hardness than the
NaCl-induced gels, but the variation in the values for stress at
rupture with the gel position in the dialysis membranes depended
on the FG concentration. The stress at rupture values were lower for
the initial or superior gel positions (enriched in polysaccharide),
but gel hardness increased as the bottom phase (protein-rich) was
approached for the gels containing 0.3% (w/w) FG. However, with
0.1% (w/w) FG, the gels showed nearly constant stress at rupture
values from the second or ﬁfth gel positions for the NaCl- and
CaCl2-induced gels, respectively (Fig. 5A and B). The stress at
rupture values for the mixed gels containing 0.5% (w/w) FG were
almost constant for both the NaCl and CaCl2 gels, independent of
gel position (Fig. 5C). These results can be related to the faster phase
separation at lower FG concentrations, due to the lower viscosity of
the biopolymers mixture. However, the almost constant stress at
rupture values for both systems at higher FG concentration suggest
that gelation was faster or prevailed over phase separation.
With respect to gel deformability (Fig. 5DeF), the behavior of
the gels with added 0.1% or 0.5% (w/w) FG was almost independent
of gel position. However, with the addition of 0.3% (w/w) FG, the
CaCl2-induced gels showed greater and almost constant values for
deformability in the ﬁrst four gel positions (polysaccharide-rich)
and then, after a reduction by half of their deformability, showed
constant values up to the last gel position (protein-rich). The NaCl
gels were more deformable than the CaCl2 gels with 0.1% (w/w) FG,
whilst the CaCl2 gels were more deformable with 0.5% (w/w) FG.
The mean values and corresponding standard deviations for
these properties as a function of the ﬂaxseed gum concentration
were also evaluated, in order to compare the global characteristics
of the gels. In spite of the differences obtained for the mechanical
properties at different gel positions with 0.3% (w/w) FG, for the
other FG concentrations, one can assume almost constant values for
most of the positions. Fig. 6 (AeC) shows the mechanical properties
of the mixed WPIeFG cold-set gels formed by the slow diffusion of
calcium or sodium chloride. The addition of polysaccharide caused) NaCl salt diffusion through dialysis membranes, as a function of gel position in the
I-0.1% FG, (B, E) 8% WPI-0.3% FG and (C, F) 8% WPI-0.5% FG.
Fig. 6. The mechanical properties of the cold-set WPIeFG gels formed using CaCl2 or
NaCl salt diffusion through dialysis membranes. (A) Stress at rupture (sR), (B) strain at
rupture (3R) and (C) elasticity modulus (E). The bars represent the standard deviation
amongst the different gel positions. Different letters mean signiﬁcant differences
(p < 0.05). Small letters: differences amongst FG concentrations for each salt. Capital
letters: differences amongst salts for each FG concentration.
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CaCl2-induced gels were more rigid than the NaCl-induced gels
(Fig. 6A). Chen et al. (2006) observed similar results, since the gel
strength (at rupture) of carrageenaneFG mixed gels also gradually
decreased with the addition of ﬂaxseed gum. However, unlike the
results found in the present work, Wang et al. (2008) found an
increase in the shear rheological properties (apparent viscosity and
moduli G0 and G00) of ﬂaxseed gum (0.1e0.5% w/w) e maize starch
(3.0% w/w) mixtures with increasing ﬂaxseed gum content, which,
according to the authors, might be attributed to the interaction
between the ﬂaxseed gum and the maize starch molecules. Gel
deformability (Fig. 6B) showed the same tendency to decrease with
increasing FG concentration, but the WPIeFG systems with NaCl
were more deformable than the CaCl2-induced gels, except with0.5% (w/w) FG. The negative inﬂuence of the addition of poly-
saccharide on the hardness and deformability of the gels can be
considered as the result of thermodynamic incompatibility
between the biopolymers. On the other hand, the elasticity
modulus showed an increase with increasing FG concentration
(Fig. 6C). This mechanical property was more dependent on the
type of salt added than the stress at rupture values, conﬁrming the
more elastic character of the structures formed by the divalent
cation. The higher strength and elasticity of the CaCl2-induced gels
is only a consequence of its valence, which is responsible for an
ionic “cross-link” between the negatively charged groups, given
that Naþ and Caþ2 have similar ionic radius (rion (Naþ) ¼ 0.102 nm
and rion (Caþ2) ¼ 0.100 nm) (Wyatt & Liberatore, 2010).
3.2.3. Comparison between methods: direct salt addition
and salt diffusion
The cold-set mixed gels formed by direct salt addition or diffu-
sion through dialysis membranes showed similar tendencies with
increasing FG concentration, but different behavior with respect to
the mechanical properties, depending on the cation added and the
gelation process. In general, with both methods, the elasticity
modulus of the CaCl2- or NaCl-induced bi-polymeric gels increased
with increasing FG concentration, and the highest values were
obtained with slow CaCl2 diffusion (Fig. 6C). However, an increase
in polysaccharide concentration usually led to a decrease in stress
and strain at rupture (Figs. 4AeB and 6AeB). Thus, independent of
the gelation kinetics, the mechanical properties of the gels showed
similar trends with increasing FG concentration, but not with the
type of salt. NaCl-induced gels showed similar values for mechan-
ical properties in different methods evaluated. However, CaCl2-
induced gels showed quite different values. Whereas with the
direct salt addition method, the CaCl2 gels showed the lowest
values for stress at rupture and elasticity modulus and the highest
values for strain at rupture in relation to the NaCl gels (Fig. 4AeC),
the opposite was observed when the slow salt diffusion through
dialysis membranes method was used (Fig. 6AeC). These results
could be attributed to the different gelation rates depending on the
type of salt and incorporation method used.
Direct salt addition led to faster gelation because of the
instantaneous ionization of the salts in the water making the
favored proteineprotein and polysaccharideepolysaccharide
interactions (charge neutralization) possible. In general, the prop-
erties of the WPIeFG gels formed by slow salt diffusion were
strongly inﬂuenced by the competition between gelation and
biopolymers incompatibility (phase separation). Gelation using
dialysis membranes can be considered as a slow salt diffusion
process, where a predominance of phase separation could be
occurring due to slower gelation kinetics.
3.3. Water-holding capacity (WHC)
The results for the WHC of the cold-set WPIeFG gels as a func-
tion of gel position in the dialysis membranes are shown in Fig. 7
(AeC). The gels formed by NaCl diffusion usually showed higher
WHC than the CaCl2 gels at higher FG concentrations (0.3 and 0.5%
w/w). However, a negative effect of the FG concentration on the
WHC of the NaCl and CaCl2 gels was observed, mainly in the initial
gel positions (polysaccharide-rich phase). Moreover, it can be seen
that the NaCl gels showed a slight decrease inWHCwith increasing
FG concentration, whilst the CaCl2 gels showed a more accentuated
reduction.
Fig. 8 shows the mean values for the WHC and their corre-
sponding standard deviations of the cold-set WPIeFG gels formed
by salt diffusion through dialysis membranes, as a function of the
ﬂaxseed gum concentration (% w/w of FG) added to the whey
Fig. 7. Water-holding capacity (WHC) of the cold-set WPIeFG gels formed by (D) CaCl2
or (,) NaCl salt diffusion through dialysis membranes as a function of gel position in
the membrane. (A) 8% WPI-0.1% FG, (B) 8% WPI-0.3% FG and (C) 8% WPI-0.5% FG.
Fig. 8. Water-holding capacity (WHC) of the cold-set WPIeFG gels formed using CaCl2
or NaCl salt diffusion through dialysis membranes. The bars represent the standard
deviation amongst the different gel positions. Different letters mean signiﬁcant
differences (p < 0.05). Small letters: differences amongst FG concentrations for each
salt. Capital letters: differences amongst salts for each FG concentration.
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Vardhanabhuti, Foegeding, McGuffey, Daubert, & Swaisgood,
2001) and ﬂaxseed gum (Chen et al., 2006; Chen, Xu, & Wang,
2007; Goh et al., 2006) have good water-holding capacity and
thus the bi-polymeric gels also showed good WHC. However, the
results showed that the addition of a higher polysaccharide
concentration (0.5% w/w) led to a signiﬁcant decrease (p < 0.05) in
the WHC of the WPIeFG gels, regardless of the type of salt added.
A study with meat proteins showed that an increase in ﬂaxseed
gum concentration led to mixed gels with decreased syneresis,
different from the results found in the present work, which could
be assigned to the different charge of the proteins involved.
According to the authors, electrostatic interactions seemed to be
the main force involved in the formation and stability of the mixed
gels, and these interactions probably involved negatively charged
carboxyl groups in the FG molecules and positively charged side
chains of the amino acids in the protein (Chen et al., 2007). On theother hand, in the present work, the WPI was negatively charged
(neutral pH), in the same way as the FG, favoring repulsive inter-
actions and the formation of independent biopolymers networks.
Thus, the reduction inWHC could be a consequence of biopolymers
incompatibility at high concentrations, which promotes the
formation of more porous networks with a lower capacity to retain
water by capillary forces (Ziegler & Foegeding, 1990). Moreover, we
assumed that the gels formed by monovalent cation salt diffusion
showed greater water-holding capacity due to the greater number
of sites available to interact with the water. These sites are resulted
from electrostatic screening on charges, which reduce the elec-
trostatic repulsion and attract the water molecules that are around
forming hydration layers. Meanwhile, as the divalent cations
formed bridges between biopolymers chains, the hydrophilic
groups are prevented to interact with the water and left the free
water between the pores of the network.3.4. Scanning electron microscopy (SEM)
Fig. 9 shows the SEMmicrographs of the top and bottom phases
(TP and BP, respectively) of the mixed gels formed by calcium or
sodium chloride diffusion through dialysis membranes. The gels
formed by NaCl diffusion showed greater discontinuity and
porosity than the CaCl2 gels in the same phase and FG concentra-
tion, which explains the lower hardness and elasticity of these gels
(Fig. 6A and C, respectively). Bottom phase (protein-rich) gels
presented a more compact network than top phase (poly-
saccharide-rich) gels, showing randomly distributed spherical
voids. In both systems (NaCl or CaCl2) an increase in polysaccharide
concentration led to the formation of gels with a more open and
heterogeneous structure in the top phase and a greater amount of
pores and discontinuity in the bottom phase, which justiﬁes the
lower water-holding capacity (Fig. 8) and stress at rupture values
(Fig. 6A) of the gels. Therefore, the increase in structure porosity
can be attributed to an obstruction of proteineprotein interaction
by the polysaccharide, and to an increase in electrostatic repulsion
between them.
The different structures observed in gels formed by NaCl or
CaCl2 diffusion (Figs. 3 and 9) were a consequence of the type of
interaction promoted by each salt. According to Marangoni et al.
(2000), the cross-linking effect of the divalent cation can easily
explain the greater rates of aggregation for calcium than for
sodium, i.e., CaCl2 will form bridges between negatively charged
Fig. 9. SEM micrographs of the cold-set WPIeFG gels formed using CaCl2 (A, C, E, G, I,
K, M) or NaCl (B, D, F, H, J, L, N) salt diffusion through dialysis membranes, in the top
and bottom phases (TP and BP, respectively). Scale bar corresponds to 10 mm.
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Thus, faster gelation probably promoted prevalence of the gelation
kinetics over phase separation. Under such conditions, the poly-
saccharide migrated to the center of the membrane, mainly in the
top phase of the gels (polysaccharide-rich phase). On the other
hand, for the NaCl gels, the monovalent ions neutralized negatively
charged residues in both biopolymers, instead of forming cross-
linked interactions. As a result, the gelation rate was slower and the
biopolymers had greater molecular mobility during this processsuch that phase separation prevailed, permitting the formation of
two-layered gels.
4. Conclusions
The addition of ﬂaxseed gum towhey protein solutions led to an
increasing complexity, and changes in the structure and properties
of the gels as compared to pure WPI gels. Different mechanical
properties were observed depending on the gel preparation
method, direct salt addition or salt diffusion through dialysis
membranes, but macroscopic phase separation was only observed
in the second method. Since the gelation is a kinetic process, in the
case of direct addition of NaCl, the agitation performed for salt
homogenization did not interfere in the formation of the gel
network, therefore, gels were similar to those formed by diffusion.
However, in the case of direct addition of CaCl2, as gelation occurs
instantaneously after the addition of salt by forming bridges, the
agitation of the system resulted in the disruption of the network
formed. Thus, NaCl could be used to induce gelation with direct
addition, but an alternative to obtain stronger gels would be the use
of slow diffusion of CaCl2 through dialysis membranes. The stron-
gest and more elastic gels formed by CaCl2 diffusion were a conse-
quence of the greater efﬁciency at reducing of electrostatic
repulsions, ionic bridging, longer time for bond formation and
rearrangement of the structure.
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